Abstract-On the basis of extensive measurements, a model is developed of the diffuse plasma of the high-current vacuum arc. The model shows that the current constriction and the voltage distribution in the diffuse vacuum arc prior to anode-spot formation are caused by the pressure source to whkh the charged and the neutral partkles contribute.
I. INTRODUCTION
CURRENT interruption in vacuum arcs is strongly in_fluenced by the arcing mode during the high-current phase. Two modes here are of particular importance: the anode-spot mode and the diffuse-arc mode. It is thought that the anode spot is a product of phenomena that set in during the diffuse arc [1] . Therefore this last type of arc was the subject of several experiments designed to obtain information about arc parameters in order to reveal some of these phenomena. Here the current distribution and the positive voltage-current relationship which is a feature of the diffuse vacuum arc will be discussed. It will be shown that the interaction between neutral and charged particles influences the diffuse arc decisively.
II. EXPERIMENTAL RESULTS
First, some of the results obtained from an experimental study on a high-current vacuum arc on copper electrodes will be shown. In Fig. 1 the charged-particle kinetic pressure buildup is shown for five arc parameters. The data are obtained by a combined method using laser interferometry, spectroscopy, and Fabry-Perot interferometry. In Fig. 2 the current flow lines are shown for the same arcing parameters. The current flow is determined by diamagnetic loop measurements with the aid of the model described below. Comparison of Figs. 1 and 2 shows that the current constriction is correlated to the charged-particle pressure drop: both are most pronounced at the lower applied axial magnetic-field strengths. In Fig. 3 the neutral density and the electron density are shown as a function of radial position for one arc parameter. Contrary to the electron density, the neutral density increases towards the arc periphery.
The most important conclusions from these measurements are the following. Pressure distribution in the high-current vacuum arc, 10 kA for various axial magnetic-field strengths (a = anode; c = cathode). 1: 8-mT peak pressure 9000 Pa; 2: 15-mT peak pressure 7900 Pa; 3: 25-mT peak pressure 7100 Pa; 4: 50-mT peak pressure 6100 Pa; and 5: 100-mT peak pressure 4800 Pa.
1) The mean-free paths for momentum transfer collisions are less than the characteristic dimensions of the plasma.
2) Ion-neutral friction has to be taken into account (due to the high neutral density and the large collisional cross section).
3) Ion velocity is limited to subsonic velocities (direct experimental evidence exists for the azimuthal ion velocity and indirect evidence for the radial and axial ion velocity).
4) The effective ion charge is very close to one in the diffuse arc regime except for the region just in front of the cathode.
These four conclusions are in strong contrast to the ex- 
III. ARC MODEL OF THE DIFFUSE VACUUM ARC
Based on the experimental results, the arc can be modeled according to magnetohydrodynamic theory. This paper will focus on the momentum balances only. (1) In this equation q stands for the ohmic resistivity, R for the momentum transfer by friction between two particle kinds, and subscripts e, i, o for, respectively, the electron, ion, and neutral particle component.
With the above stated simplifications, the momentum balance equation for the ions becomes Vp' = enE -en-j-Rio and for the electrons Vpe = -enE + enjqj + j x B.
(2) ( 3)
The electron momentum balance resembles Ohms' law as derived by Boxmann [3] , [4] . Here the kinetic pressure is taken into account but the Lorentz force caused by ion movement w' x B is neglected due to the experimental fact w' << we. This last difference though is essential. In [3] the movement of the ions is dictated only by the properties of the cathode spot which are supposed to remain unaltered in the current range of 100 A to tens of kiloamperes. The ion movement interacts with the azimuthal magnetic field and hence influences the current distribution.
In the model described in this paper, the interaction between the ions and the electrons, the main carriers of the current, is through resistivity only (-qj, in the electron momentum balance). For the moment we concentrate on the ion momentum balance, as here the ion-neutral as well as the electron-ion interaction becomes visible.
The use of Maxwell's law for the stationary state V x E = 0 and the use of the expression for the electric field given by the ion momentum balance yield V xE =V x -rj which reduces to magnetic-field generation is only in azimuthal direction. Apparently, gradients in the pressure affect through the azimuthal magnetic field the radial and axial current densities, and with these the current distribution in the arc.
In order to verify (6) for the plasma in the diffuse part of the high-current vacuum arc, (6) is integrated over a vertical cross section of the arc bounded by the anode, the cathode side of the diffuse plasma, and the arc axis as indicated in Fig. 4 . The normal to this surface points in the azimuthal direction. The surface integral of (6) [1] yield information about the neutral and electron density. The neutral temperature was not determined experimentally. It is shown in [1] that there exists in the vacuum arc approximately an equilibrium between the kinetic pressures of the various particles, so the neutral pressure is closely related to the charged-particle pressure: (po + pi + pe) = constant. So, by knowledge of the charged-particle pressure at the arc axis, the neutral-particle pressure at the arc boundaries can be estimated. Hence the right-hand side of (8) Fig. 5 . The left-hand side of (8) is also equal to the ohmic voltage drop from the cathode surface layer to the anode, corrected for the anode voltage drop. For comparison, therefore, in Table I With increasing axial magnetic field, the voltage drop predicted by the above theory diminishes. Yet the actual arc voltage increases again as can be seen in the bottom line of Table I . This seeming discrepancy between theory and experiment is brought about by the transition of arc modes occurring near 100 mT. Below 100 mT the diffuse properties dominate the arc, whereas at 100 mT and above the arc is in the multiple arc regime, in which the arc voltage is determined by the properties of a single arc channel. The close agreement between theory and experiment over a wide range shows that the pressure source is responsible for the current constriction in high-current vacuum arcs.
IV. DISCUSSION The above theory based on a set of experimental data obtained from the high-current diffuse vacuum arc contrasts with earlier theories in nearly all aspects. Therefore it is stressed again that the main origin of this discrepancy lies in a different electron, ion and neutral density in the present experiment compared with the densities found in low-current vacuum arc experiments, on which most other theories are based. By these high densities collisional processes dominate the arc behavior as described in this paper.
The theoretical and experimental results presented here give a total picture of the interactions in the diffuse arc. Three attempts to model the arc which did contain elements of the observed phenomena need to be mentioned.
Mitchell [5] stated that the increased voltage drop in the diffuse vacuum arc was due to electron-neutral collisions. This explanation was not generally accepted because of the dominance of coulomb collisions even at low ionization degrees. Boxmann [61 measured the neutral-and charged-particle densities in the diffuse vacuum arc and found an upper limit of the neutral density three times the electron density; he did not connect any consequence from this observation. Boxmann preferred a magnetic constriction process due to an expected imbalance between kinetic and magnetic pressure. Essential in his assumption is a directed mass flow from cathode to anode [3] . In low-current vacuum arcs this mass flow is associated with high ion velocity. In the high-current vacuum arc, however, Mitchell already suggested that the ions are decelerated, although not by the electric field set up by electron-neutral collisions, but [1] by direct ion-neutral collisions. The ion velocity is subsonic and hence the basic driving mechanism for magnetic constriction as proposed by Boxmann is not present. In an earlier publication [7] the author proposed an axial charged-particle pressure drop as the main mechanism for current constriction. The good correlation found in that paper between measurement and theory results from a proportional increase of the neutral pressure with the charged-particle pressure.
The actual phenomena in the diffuse vacuum arc give equal credit to the three discussed theories: 1) a current constriction exists well before anode-spot formation; 2) the neutral pressure plays a dominant role; and 3) the charged-particle density gradient plays a dominant role.
V. CONCLUSIONS The current constriction and the positive voltage-current relationship in a diffuse vacuum arc are shown theoretically and experimentally to be caused by a pressure source, to which the charged particles and neutral particles contribute. The current constriction is substantial already in the diffuse-arc mode. Hence, the current constriction influences anode-spot formation decisively. APPENDIX MICROSCOPIC DESCRIPTION OF THE PRESSURE SOURCE Microscopically, the pressure source can be understood as follows (see Fig. 6 ). When a density gradient of ions Vn exists, the ions will try by expansion to smooth out this gradient, leading to a flow of ions with velocity wi in direction of lower density. Ion flow is hindered by ionneutral friction. When a neutral pressure gradient Vpo (perpendicular to Vn) is present, the flow of positively charged ions will not be uniform, which leads to charge separation and consequently an electric field E is built up. This field generates a current carried by the electrons, which in turn gives rise to a magnetic field B.
In the special case of a rotationally symmetric vacuumarc plasma, Vn points from the anode towards the cathode, Vpo points from the arc axis towards the arc periphery, and hence magnetic-field generation is in azimuthal direction reinforcing the magnetic field of the current.
